Immunization of mice with Borrelia burgdorferi decorin binding protein A (DbpA), one of two gene products of the dbpBA locus, has been shown recently to confer protection against challenge. Hyperimmune DbpA antiserum killed a large number of B. burgdorferi sensu lato isolates of diverse phylogeny and origin, suggesting conservation of the protective epitope(s). In order to evaluate the heterogeneity of DbpA and DbpB and to facilitate defining the conserved epitope(s) of these antigens, the sequences of the dbpA genes from 29 B. burgdorferi sensu lato isolates and of the dbpB genes from 15 B. burgdorferi sensu lato isolates were determined. The predicted DbpA sequences were fairly heterogeneous among the isolates (58.3 to 100% similarity), but DbpA sequences with the highest similarity tended to group into species previously defined by well-characterized chromosomal markers. In contrast, the predicted DbpB sequences were highly conserved (96.3 to 100% similarity). Substantial diversity in DbpA sequence was seen among isolates previously shown to be killed by antiserum against a single DbpA, suggesting that one or more conserved protective epitopes are composed of noncontiguous amino acids. The observation of individual dbpA alleles with sequence elements characteristic of more than one B. burgdorferi sensu lato species was consistent with a role for genetic recombination in the generation of dbpA diversity.
Spirochetes classified as Borrelia burgdorferi sensu lato (including B. burgdorferi sensu stricto, Borrelia afzelii, and Borrelia garinii) are the causative agents of Lyme disease, the most commonly reported vector-borne infectious disease in the United States (50) , and distributed throughout the Northern Hemisphere. B. burgdorferi sensu lato is transmitted to human and animal hosts primarily by Ixodes sp. ticks. If diagnosed early, the disease can be effectively treated. However, if the infection is improperly diagnosed or treated, chronic or recurrent disease may result (49) . Since diagnosis can be difficult, preventive measures in the form of a vaccine against the agent would be highly desirable, as would improved diagnostic tests.
Many B. burgdorferi proteins have been considered as candidate Lyme disease vaccines. Among these, outer surface protein A (OspA) has emerged as the most promising candidate (24, 31) , showing efficacy when administered before syringe-or tick-borne challenge in several animal models (7, 15, 23) . However, OspA is down regulated by the spirochete during transmission to the vertebrate host (10) and is, therefore, inaccessible or absent on most or all spirochetes during infection. Antibodies to OspA are capable of blocking transmission but are relatively ineffective against host-adapted spirochetes (2, 13) .
Alternative vaccine candidates have been sought among the B. burgdorferi proteins that are immunogenic during natural or experimental infections and are therefore presumptively expressed in vivo. Antibodies to OspC, an in vivo-expressed protein (32) , can protect gerbils or mice against homologous B. burgdorferi challenge (40, 42, 57) ; however, protection of mice against high-dose challenge with heterologous isolates has been unsuccessful to date (41) . OspC is fairly heterogeneous in sequence (22, 53, 55) , and predictions of at least 13 serogroups have been made with panels of OspC monoclonal antibodies (22) . Additionally, OspC appears to be inaccessible to antibodies on some B. burgdorferi strains (4, 9) .
B. burgdorferi binds specifically (19) to the collagen-associated proteoglycan decorin (8) , an activity that may promote colonization of host tissues. A genetic locus encoding the candidate adhesins, decorin binding proteins A and B (DbpA and DbpB), has been cloned and sequenced elsewhere (18) . In B. burgdorferi B31, the dbpBA locus is on the linear plasmid lp54, which also encodes ospAB (16) . DbpA and DbpB are immunogenic and expressed in vivo, and DbpA is a target for antibody-mediated killing of B. burgdorferi during the early stages of infection (6, 20) . Active immunizations with recombinant DbpA (rDbpA) also protected mice from homologous, and in some cases heterologous, borrelial challenge. Hyperimmune antiserum against a single rDbpA immunogen had bactericidal activity against many B. burgdorferi, B. afzelii, and B. garinii isolates, suggesting that a serological epitope(s) targeted by growth-inhibitory anti-DbpA antibodies is conserved throughout many diverse strains of B. burgdorferi sensu lato (20) . However, unlike DbpA antibodies, DbpB antibodies had only limited protective efficacy. To facilitate identification of the conserved serological epitope(s) of DbpA and to determine the extent of variability of the decorin binding proteins, we determined and analyzed the sequences of dbpA and dbpB genes from a diverse set of B. burgdorferi sensu lato isolates.
(23S) intergenic spacer region was amplified from each isolate by PCR, and restriction fragment length polymorphism analysis was then performed to confirm classification into the B. burgdorferi sensu lato groups according to the methods described by Postic et al. (39) . PCR was performed by using Taq DNA polymerase and buffers (50 mM KCl, 10 mM Tris [pH 7.0], 2.5 mM MgCl 2 ) from Perkin-Elmer Cetus (Foster City, Calif.) and 250 M deoxynucleoside triphosphates from Boehringer Mannheim (Indianapolis, Ind.).
DNA blotting, hybridization, and detection. A quantity (1.5 to 2.0 g) of total genomic DNA was digested with 10 to 20 U of the appropriate restriction endonuclease as recommended by the manufacturer (New England Biolabs, Beverly, Mass.; Gibco BRL, Gaithersburg, Md.). Digested DNA was separated by electrophoresis through an 0.8% agarose gel. Fragments were transferred to a Hybond-N membrane (Amersham, Arlington Heights, Ill.) with the Turboblot system (Schleicher & Schuell, Keene, N.H.) according to the manufacturer's protocol and UV cross-linked to the membranes with the Stratalinker (Stratagene, North Torrey Pines, Calif.). The dbpA Ip90 DNA fragment was labeled with digoxigenin (DIG) with the Genius kit (Boehringer Mannheim); other gene fragments and oligonucleotides were labeled with fluorescein with the ECL labeling kit (Amersham).
Blots to be probed with fluorescein-labeled fragments and/or oligonucleotides (used to identify and clone dbpA from B. garinii 153 and B. afzelii U01) were prehybridized and hybridized at 50°C in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5% sodium dodecyl sulfate (SDS)-5ϫ Denhardt's solution-1ϫ ECL blocking solution-0.2 mg of heat-denatured herring sperm DNA per ml by standard protocols (48) . After a 12-to 15-h hybridization with 10 to 20 ng of probe, the blots were washed as follows: two washes with 2ϫ SSC-0.1% SDS for 2 min each at room temperature, a wash with 2ϫ SSC-0.1% SDS for 2 min at 50°C, and then a wash with 0.5ϫ SSC-0.1% SDS at 50°C. Bound probe was visualized on film (Kodak X-AR; ECL Hyperfilm) following development with the ECL detection kit.
For the DIG-labeled fragment (used to identify and clone dbpA Ip90 ), prehybridization and hybridization were done in the same solution of 5ϫ SSC-2% DIG blocking solution-0.1% Sarkosyl-0.02% SDS-50% formamide at 42°C. Probes were again used at a concentration of 10 to 20 ng/ml. Blots were then washed (two washes for 5 min each at room temperature with 2ϫ SSC-0.1% SDS and then two washes for 15 min each at 65°C with 0.5ϫ SSC-0.1% SDS) and visualized according to the manufacturer's protocol. Genomic sublibrary construction and gene cloning. In three cases, DNA fragments containing dbpA genes were identified and cloned from restriction enzyme digests of total genomic DNA by hybridization with dbpA probes. Primers 2 and 12 ( Table 1 and Fig. 1 ), derived from dbpA 297 , were used to PCR amplify a 280-bp fragment from genomic DNA of B. garinii Ip90. Sequencing this fragment confirmed that it was a portion of the dbpA Ip90 gene. This fragment was again PCR amplified, incorporating DIG-UTP label, and used to probe blots of digested Ip90 DNA. A 1.3-kb HindIII fragment hybridized to the probe. Fragments in a 1-to 3-kb range of genomic DNA cut with HindIII were excised from an agarose gel and extracted with Geneclean (BIO 101, Vista, Calif.). These fragments were ligated into pUC19 digested with the same enzyme and transformed into Subcloning Efficiency-Competent DH5␣ (BRL) cells. The dbpA genes of B. garinii 153 and B. afzelii U01 were identified with a fluoresceinlabeled oligonucleotide (primer 3 [ Table 2 and Fig. 1]) and BglII-digested genomic DNA with a similar approach. Colonies were lifted onto Nytran (Schleicher & Schuell) membranes, and single colonies containing the target gene were subsequently identified by hybridization with fluorescein-or DIG-labeled probes as described above. Plasmid DNA was prepared from the presumptive clones with the QIAprep plasmid miniprep kit (Qiagen, Santa Clarita, Calif.), and the Borrelia DNA inserts were sequenced to identify dbpA-containing clones.
PCR amplification and DNA sequencing. PCR fragments containing fulllength or partial dbpA and dbpB genes were amplified with primer pairs described in Table 1 under standard PCR conditions: 96°C denaturing for 30 s, 52°C annealing for 30 s, and 72°C extension for 60 s. The annealing temperature was lowered to 45°C when fragments were amplified with degenerate oligonucleotides. The amplified fragments were purified from the PCR mix over a Qiaquick PCR purification column (Qiagen). The majority of dbpA and dbpB sequences were obtained by direct double-stranded cycle sequencing of the purified PCR product. The initial rounds of sequencing were with the primers used to generate these PCR products. In some instances, PCR-amplified fragments were cloned into the pCRII vector of the TA Cloning kit (Invitrogen, Carlsbad, Calif.) and subsequently sequenced with vector primers (primers 20 and 21 [ Table 2 ]) and dbpA-specific primers. Gaps were bridged with genomic DNA as template and primers derived from the first round of sequencing. The FIG. 1. Schematic representation of positional relationships among primers used for amplification of dbpA and dbpB genes. The annealing positions of the primers relative to the dbpBA locus of B. burgdorferi sensu stricto isolate 297 are indicated. These primers are described further in Table 2 . Relative similarity among the DbpA sequences by amino acid position was derived with the program PlotSimilarity (GCG) with a sliding window average of 10 residues. The Jameson-Wolf antigenic index of the DbpA 297 sequence was determined with the program PROTEAN (Lasergene). Screening for multiple and direct repeats in the dbpBA locus and flanking genomic sequence was performed with DNA Strider version 1.2.
The phylogenetic relatedness among the DbpA sequences was estimated with the PHYLIP (12) analysis package, version 3.5c. A distance matrix was generated from the full-length amino acid sequences of the 30 DbpAs, and DbpB 297 , by the PHYLIP program PROTDIST with the Dayhoff percent accepted mutations matrix option. With the program NEIGHBOR (PHYLIP), phylogenetic trees were generated from the PROTDIST output by the distance matrix UPGMA (unweighted pair-group method using arithmetic averages) method. The sequence data was resampled into 100 replicate sets by the bootstrap analysis option of SEQBOOT (PHYLIP) to estimate the reproducibility of the tree branch nodes. A 50% majority rule consensus tree was constructed by the program CONSENSE (PHYLIP) and displayed by the program TreeView (36) . The UPGMA method was also used to construct a phylogram from a subset of 23 DbpA sequences.
Nucleotide sequence accession numbers. The GenBank accession numbers for the dbpA and dbpB sequences determined in this study are listed in Table 1 .
RESULTS
Sequencing of dbpA and dbpB genes. In the current study, we have determined the nucleotide sequences of dbpA genes from 29 isolates, and of dbpB genes from 15 isolates, of B. burgdorferi sensu lato. A PCR-based approach, initially using primers derived from the original sequence of the dbpBA locus of isolate 297 (GenBank accession no. U75866 and U75867), was employed to amplify and sequence alleles of dbpA and dbpB from multiple B. burgdorferi sensu lato isolates. In the case of dbpA, only a limited number of new genes could be amplified with the original primer sets, in contrast to similar methods used for amplification and sequencing of multiple alleles of the ospA (54) and ospC (22, 53) Fig. 1 ) were unsuccessful. Sublibrary construction based on data obtained by Southern hybridization was used to obtain the sequence of the dbpA alleles of B. garinii Ip90 and 153 and B. afzelii U01. In contrast, a single specific oligonucleotide pair (primers 1 and 12 [ Table  2 and Fig. 1]) was successfully used to amplify and sequence dbpB from 14 of 14 isolates of B. burgdorferi sensu stricto and B. garinii 20047. Subsequent to determination of these sequences, the sequences of the dbpBA loci from B. burgdorferi B31 and N40 were deposited in GenBank (accession no. AE000790 and AF042746, respectively). There was complete agreement of our data with the sequences deposited by others.
Analysis and comparison of DbpA sequences. The similarity scores of all pairwise combinations of DbpA protein sequences were determined (Fig. 2) . The interstrain heterogeneity of DbpA was high, with similarities ranging from 58.3 to 100%. As expected, the greatest similarity among DbpA allele sequences appeared within a given species (85 to 100%), but exceptions were noted. For example, DbpAs from isolates PGau (B. afzelii) and 153 (B. garinii) both differ from the other members of their respective species by Ͼ30%. At the present time, we do not know whether these highly divergent strains represent a minority of the alleles. DbpA from isolate 25015, the sole member of its phylogenetic group (5, 30, 39) that was sequenced, had 84% similarity with a subset of three B. burgdorferi sensu stricto isolates (N40, HB19, and ZS7). Twenty-six of the 30 DbpA sequences had Ͼ90% similarity with at least one and in most cases several other DbpAs (Fig. 2) .
The derived DbpA amino acid sequences ranged in length from 169 to 195 residues. The shortest DbpA sequences were from B. afzelii. Multiple alignment of the 30 DbpA sequences (Fig. 3) revealed many well-conserved stretches of amino acids, as well as conserved putative insertions and deletions of one to eight residues, that were scattered throughout the length of the DbpAs. It was readily apparent that each of these features was conserved primarily within isolates from the same species. For example, six of seven B. afzelii isolates had an identical presumptive leader peptide 20 amino acids in length. All seven B. garinii isolates had a nearly identical leader peptide, again 20 amino acids long, but differing from the conserved B. afzelii sequence in five positions. Two different leader peptide sequences, of 24 and 27 amino acids, were seen among the 15 B. burgdorferi sensu stricto isolates. Isolate 25015 has been placed in a separate phylogenetic group from B. burgdorferi sensu stricto by restriction fragment length polymorphism analysis of the rrf (5S)-rrl (23S) intergenic spacer (39) and genomic macrorestriction analysis (5, 30 ), yet its DbpA sequence was nearly identical to that of the B. burgdorferi N40-HB19-ZS7 group through the first 50 residues. While many blocks of amino acid sequence were fairly well conserved within the species groupings, only 23 positions in the mature protein following the amino-terminal cysteine had invariant residues in all 30 DbpA sequences. Also of note, the codon for Trp was absent from all 30 dbpA genes.
The DbpA multiple sequence alignment was analyzed by the distance matrix program, UPGMA, from the PHYLIP package to further investigate potential phylogenetic relationships among the various proteins. DbpB from B. burgdorferi sensu stricto 297 was included in this analysis as a potential sequence outlier. The inferred DbpA molecular phylogeny (Fig.  4) shows a major division between the group including most of the B. afzelii sequences and the rest of the DbpAs, with a further major division between the B. burgdorferi sensu stricto and B. garinii sequences. With higher numerical representation, the B. burgdorferi sensu stricto branch was further divisible into smaller subgroups. Again, 25015 appeared to be most closely related to the N40-HB19-ZS7 group. B. garinii 153 was fairly distant from the other six representatives of this species, and B. afzelii PGau and U01 appeared more closely related to the B. garinii group than to the other members of their own species. All the DbpA sequences were more closely related to each other than to DbpB. Bootstrap analysis of the sequence data was performed to determine the number of times that a cluster of sequences would segregate to a particular node of the cladogram out of 100 resamplings of the data set. The nodes at all of the major branches of the DbpA cladogram had high bootstrap values, indicating that the overall topology of this phylogenetic tree was well supported.
Visual inspection of the DbpA multiple sequence alignment indicated that most of the heterogeneity occurred near the carboxy terminus. This impression was confirmed by analysis of the alignment with the PlotSimilarity algorithm (Fig. 5A ). Lower similarity scores were obtained in the regions of the molecule having the most postulated insertions and deletions, exemplified by the leader peptide, the region near residue 70, and the carboxy terminus. The heterogeneity among the dbpA genes at the 3Ј end was consistent with the need to screen several potential PCR primers before successfully amplifying the desired dbpA product. In general, the predicted antigenic index along the length of the DbpA protein correlated with the regions of highest sequence heterogeneity (Fig. 5B) .
Analysis of DbpB sequences. The similarity of the amino acid sequences of DbpB from 15 B. burgdorferi sensu stricto isolates, and one B. garinii isolate, was very high, ranging from 96.3 to 100% (95.1 to 100% identity [data not shown]). We did not attempt to PCR amplify the dbpB genes from any additional isolates, but a partial sequence of dbpB was determined from the dbpBA locus cloned from B. garinii Ip90 by hybridization with a dbpA probe. The dbpB gene of Ip90 was divergent in sequence from the 16 PCR-amplified dbpB genes (data not shown), indicating that we have not yet determined the full extent of dbpB heterogeneity. Southern hybridization of genomic DNA from several different B. burgdorferi sensu lato species with a probe derived from dbpB 297 gave further evidence of the interspecies heterogeneity of this gene (data not shown).
B. burgdorferi sensu lato isolates killed by monovalent DbpA antiserum include those with divergent DbpA sequence phylogeny. We previously evaluated a panel of 35 B. burgdorferi sensu lato isolates for their in vitro sensitivity to killing by rabbit hyperimmune serum against rDbpA derived from B. burgdorferi sensu stricto 297 (20) . The sequence of DbpA has now been determined for 23 of the isolates evaluated in our earlier study. Among the 23 isolates that were sequenced, the 12 that were highly sensitive to killing by DbpA 297 antiserum (inhibition endpoint titer of Ն100) were distributed among all major branches of the DbpA phylogram and were not restricted to those isolates with the highest DbpA 297 sequence similarity (Fig. 6) . Inspection of the alignment of these 12 sequences (data not shown) reveals that the longest run of contiguous amino acids identical among all isolates is three residues (TTA; DbpA 297 residues 148 to 150). The TTA tripeptide and several conserved flanking residues are also found in isolates not killed by DbpA 297 antiserum. As antibody binding sites on proteins are generally considered to be larger than three amino acids, it is likely that the epitope or epitopes targeted by the borreliacidal antibodies in the DbpA 297 antiserum are composed of noncontiguous amino acids. Further, this putative epitope(s) appears to be conserved among DbpA proteins that are divergent in their primary structure.
Evidence for recombination at the dbpBA locus. Examination of the alignment of DbpA sequences (Fig. 3) revealed the presence of stretches of amino acids that were conserved among most, but not all, alleles of a particular species. Combined with FIG. 2. Amino acid similarities of DbpA sequences among B. burgdorferi sensu lato isolates. Amino acid similarities, in percent, for deduced full-length DbpA sequences were calculated with BestFit. DbpAs of isolates B31, HBNC, and 3028 are 100% identical and were considered as a group for simplicity. For comparative purposes, isolates with Ͼ90% similarity are boxed. the phylogenetic analysis (Fig. 4) , dbpA from B. afzelii PGau seemed to be a likely candidate for a gene resulting from recombination between alleles from different species. Alignment of the 5Ј end of dbpA PGau with the dbpA genes from three other B. afzelii strains and three B. garinii strains gave further support for the possibility of lateral exchange of dbpA sequence between these species (Fig. 7) . The dbpA gene in B. afzelii PGau is nearly identical to B. afzelii IPF, M7, and VS461 between nucleotides 1 and 57 encoding the putative leader peptide region, but the region just downstream of the Cys (nucleotides 63 to 120) shows greater similarity to the corresponding region of B. garinii VSBP, G25, and PBr. The dbpA gene from B. afzelii U01 has more stretches of nucleotides in common with B. garinii dbpA genes throughout its entire length, including the leader peptide (data not shown), and DbpA U01 has Ͼ90% overall similarity with six B. garinii DbpAs (Fig. 2) . This data, in conjunction with the phylogenetic analysis (Fig. 4) , suggests that the entire dbpA gene of B. afzelii U01 may have been acquired from a B. garinii isolate.
DISCUSSION
We have determined and analyzed the sequences of the dbpA genes from 29 isolates of B. burgdorferi sensu lato and of the dbpB genes from 15 isolates in order to evaluate the molecular heterogeneity of these genes and to complement serological analysis of their products. In our previous study, we found that, unlike OspC antisera (41, 42) , hyperimmune antiserum against DbpA has in vitro borreliacidal activity and can passively protect mice against challenge (6, 20) . This property facilitated our evaluation of the conservation of serological epitopes contributing to antibody-mediated spirochete killing and protection. The dbpA sequences of 23 of the 35 isolates evaluated in our earlier study for their vulnerability to rabbit antiserum against rDbpA from B. burgdorferi sensu stricto 297 have now been determined. We found that many isolates that were vulnerable to this serum had DbpA sequences that were highly divergent from DbpA 297 . DbpA of B. burgdorferi N40 has only 74.7% similarity (Table 2 ) and 66.7% identity (data not shown) with DbpA 297 , yet passively administered hyperimmune DbpA 297 antiserum protected mice against challenge with B. burgdorferi N40 and had strong bactericidal activity against this isolate (20) (Fig. 6) . B. afzelii M7 (63.5% DbpA similarity) and B. garinii PBr (70.7% DbpA similarity) were also killed by DbpA 297 antiserum in vitro.
A few B. burgdorferi isolates were not killed by DbpA 297 antiserum in vitro (e.g., 3028 and CA-3-87), yet their DbpA sequences were found to be highly similar to those of other isolates that were sensitive to DbpA 297 antiserum (e.g., B31 and G39/40). It is possible that on these isolates other proteins expressed in vitro, such as the more abundant OspA and OspB, impede accessibility of DbpA to borreliacidal antibodies, as has been suggested for the P13 protein (47) . In some cases (e.g., HB-19 and 25015), low levels of DbpA expression in vitro also contributed to resistance to killing by DbpA 297 antiserum (20) .
Comparison of the 12 DbpA sequences from B. burgdorferi sensu lato isolates killed by DbpA 297 antiserum did not reveal a good candidate for a conserved linear epitope target for these borreliacidal antibodies. For OspC, it has been suggested that protective antibodies bind to an as yet unidentified conformational epitope on this protein, as mice immunized with SDS-denatured OspC were not protected against B. burgdorferi challenge (17) . The target(s) of bactericidal and protective DbpA antibodies may also be a conformational epitope(s) comprised of amino acids that are noncontiguous in the DbpA sequence.
The dbpA gene provides an additional example of a highly divergent, plasmid-encoded, B. burgdorferi lipoprotein gene. The extent of sequence heterogeneity of DbpA is found to be comparable to that observed among OspC sequences (22, 53, 55) . However, we observed many groups of highly similar (Ͼ90%) DbpA sequences. Heterogeneity among OspA sequences has also been documented, but the extent of heterogeneity observed to date (25% divergence in identity [54] ) seems to be less than that of OspC and DbpA. Comparison of DbpA sequences between pairs of isolates, in conjunction with similar comparisons among OspA and OspC sequences, showed that variation in each antigen can occur independently of the other. The OspA sequences of B. burgdorferi 297 (41) and N40 (14) are Ͼ99% similar, while DbpA is only 75% similar between these two strains (Fig. 2) . Other pairs of B. burgdorferi strains also have similar OspA sequences but more divergent DbpA sequences. There is marked similarity between both the DbpA and OspA proteins of B. burgdorferi sensu stricto N40 isolated from an Ixodes scapularis (dammini) tick in New York and ZS7 isolated from an Ixodes ricinus tick in Germany (96 and 100%, respectively), but their OspC proteins are only 78% similar (43) . The dbpA and ospA genes in these two geographically distant isolates have diverged little from their presumptive common ancestor, unlike their ospC genes.
In three studies (27, 43, 53) , phylogenetic analysis of ospC sequences from large groups of B. burgdorferi sensu lato isolates of diverse geographical origin showed that the ospC alleles did not strictly cluster into major monophyletic groups corresponding to their species of origin. Similarly, we found that the inferred phylogeny among DbpA sequences does not strictly correspond to B. burgdorferi sensu lato species (Fig. 4) . 
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B. BURGDORFERI DbpA AND DbpB HETEROGENEITY
The plasmid-encoded ospA gene seems to have a common evolutionary history with genes on the large chromosome in most B. burgdorferi sensu lato isolates (11), however. Both ospC and dbpA appear to be evolving faster than, and possibly independently of, ospA and the genes on the large chromosome. It is well recognized that most B. burgdorferi lipoproteins are heterogeneous in structure among different isolates, but the mechanisms for generating diversity among these antigens are, in most cases, only partially understood. The recently identified vmp-like sequence (vls) provides probably the best-characterized mechanism of antigenic variation in B. burgdorferi (56) . The vls locus is comprised of 15 divergent tandemly arrayed silent vls pseudogenes and a single expressed gene, vlsE, near the telomere of the 28-kb linear plasmid lp28-1. Hypervariability in the VlsE lipoprotein is generated primarily by nonreciprocal recombination between the 17-bp direct repeats shared between vlsE and each of the pseudogenes, resulting in replacement of the central portion of vlsE with one of the vls pseudogenes. The mechanisms that generate diversity in other antigens are less well defined. Point mutations and deletions in the ospAB operon, apparently from nonreciprocal homologous recombination between ospA and ospB, have been observed during in vitro passage of B. burgdorferi (45, 46) . Unlike the singlecopy vlsE and ospAB loci, homologs of ospE and ospF genes are present on multiple plasmids (29, 51) , and recombination among them may be facilitated by a conserved, repeated sequence element found upstream of, and in some cases flanking, these genes (29) . Direct repeated sequence elements were not apparent within, or flanking, the dbpBA loci. Southern blot analysis (data not shown) and whole-genome sequencing (16) indicate that the dbpBA locus is present in a single copy. Thus, diversity of DbpA and B results in a manner different from that of VlsE and of OspE and OspF. Additionally, we have not observed in the dbpBA locus evidence of gene truncation and fusion as seen for ospAB (45) . DbpA (Fig. 7) shares with OspC an apparent mosaic or chimeric structure (22, 27) . This has been interpreted as evidence of lateral gene exchange between different B. burgdorferi sensu lato species in the case of ospC (22, 27) , although an alternative hypothesis of parallel and convergent evolution has also been proposed (53) . Evidence has been reported recently of simultaneous infections of vector ticks (25) and reservoir hosts (33) with multiple B. burgdorferi sensu lato species, suggesting that the opportunity exists for lateral gene exchange between different Borrelia species in the natural reservoir.
The sequence heterogeneity of DbpA among B. burgdorferi sensu lato isolates may also reflect functional considerations. B. burgdorferi infects a broad range of vertebrate reservoir hosts in addition to mammals, including birds (34) and reptiles (26) . It has recently been shown that chickens, unlike mammals, express two distinct isoforms of decorin containing either one or two dermatan sulfate chains (3). DbpA heterogeneity may reflect, at least in part, a need for B. burgdorferi to interact with different forms of decorin, or other related proteoglycans, in these reservoir hosts. There are presumably some structural constraints that limit the maximum extent of DbpA and DbpB heterogeneity while maintaining their adhesin activity. The PapG-PrsG pilus-associated proteins of uropathogenic Escherichia coli provide precedent for sequence heterogeneity within a family of adhesin proteins reflecting different specificities for related isoreceptors. Approximately 70% amino acid sequence similarity is found among the three variants of this adhesin family, each binding primarily to one of three related globoseries glycosphingolipids. These differences in receptor specificity appear to contribute to differences in tissue and host tropism for uropathogenic E. coli (52) .
In contrast to DbpA, DbpB is very highly conserved within B. burgdorferi sensu stricto, with 15 different alleles showing Ͼ96% sequence similarity. This suggests that there may be higher selective pressure for variation in dbpA than in dbpB. For variable antigens such as OspA and OspC, it has been suggested that the heterogeneity in these proteins has resulted from immune selection in the natural reservoir (22, 53, 54) . Such selective pressure may also exist for DbpA. The very high conservation of DbpB suggests that it is not under such selective pressure, consistent with the relative resistance of spirochetes to DbpB antibodies (20) .
We have found evidence of decorin binding proteins in all species of B. burgdorferi sensu lato examined thus far, either by decorin affinity blotting (B. burgdorferi sensu stricto, B. afzelii, B. garinii, Borrelia japonica, Borrelia andersonii, and Borrelia valaisiana sp. nov. [20, 38] ) or, as in this study, by PCR and Southern blotting (B. burgdorferi sensu stricto, B. afzelii, B. garinii, and group 25015). Borrelia hermsii, Borrelia turicatae, and Borrelia coriaceae are negative in the decorin affinity blot assay FIG. 6 . DbpA sequence relatedness among isolates killed by DbpA 297 antiserum. The molecular phylogram of the DbpA sequences that were determined for 23 of the isolates previously evaluated (20) for sensitivity to killing by DbpA 297 antiserum was generated by the distance matrix program, UPGMA. Branch lengths are proportional to the relative mutational distance. The scale is in 0.1 nucleotide substitutions per site. The growth inhibition endpoint titer of the DbpA 297 antiserum previously determined for each isolate (20) is indicated. A titer Ն 100 is defined as positive inhibition; these isolates are indicated by boxes. The percent amino acid similarity of each DbpA with DbpA 297 is shown for comparative purposes. Abbreviations used are as described for Fig. 4.   FIG. 7 . Alignment of the 5Ј ends of selected dbpA genes reveals potential mosaic structure in dbpA from B. afzelii PGau. The sequence of the first 120 nucleotides of the coding region of dbpA PGau was aligned with the sequence of dbpA from three other B. afzelii isolates and with that of dbpA from three B. garinii isolates. The positions at which the dbpA genes are heterogeneous, and at which dbpA PGau is identical to the intraspecies consensus, are indicated by white letters on a black background. Regions of putative mosaic structure in dbpA PGau and their proposed species of origin are indicated by the open boxes. The position of the codon TGT for cysteine, at the amino terminus of the mature protein, is indicated for orientation purposes. (38) and by Southern blotting with dbpA and dbpB probes (data not shown). Expression of decorin binding proteins may represent another biological difference between these other three Borrelia species, which are transmitted by the rapidfeeding soft-bodied Ornithodoros sp. ticks, and B. burgdorferi sensu lato species, which are transmitted by slow-feeding hardbodied ticks, primarily Ixodes spp.
Although DbpA and DbpB are highly immunogenic during experimental infection (20) , the sequence heterogeneity of these proteins may influence their utility in the serodiagnosis of human Lyme disease. In a preliminary study, Western blot assays with recombinant DbpA and DbpB detected immunoglobulin G antibodies specific for these proteins in the sera of many U.S. patients meeting the Centers for Disease Control and Prevention case definition for early Lyme disease but not in sera from healthy volunteers residing in areas in which Lyme disease is nonendemic (37) . Future work will examine the performance of DbpA and DbpB relative to other recombinant B. burgdorferi proteins that are under evaluation as serodiagnostic antigens (21, 35, 44) .
We have demonstrated that the two tandem genes in the dbpBA locus differ substantially in their sequence heterogeneity, suggesting that they are under different selective pressure. These findings have raised interesting questions regarding potential differences in the interaction of the products of these two genes with the host immune system and with their proteoglycan receptors. The relatively few amino acids conserved among the DbpA sequences in all the B. burgdorferi sensu lato isolates may be important for decorin binding activity. Despite the high-level sequence heterogeneity among dbpA genes, the finding that isolates with diverse dbpA sequences are in many cases vulnerable to the same DbpA antiserum suggests that antibody against a small number of DbpA alleles may protect against most isolates of B. burgdorferi sensu lato. This adds support to the idea that DbpA may be a good candidate for inclusion in a second-generation vaccine for Lyme disease.
